The actin cytoskeleton has been implicated in the processing of atherogenic lipoproteins in macrophages. However, the functional role of actin and the regulatory proteins involved are unknown.
M acrophages scavenge cholesterol-rich lipoproteins in the arterial intima, a process of key importance in atherogenesis. The molecular mechanisms controlling macrophage foam cell formation are not fully understood but the processing of atherogenic lipoproteins requires an intact actin cytoskeleton 1 and lipoprotein-derived cholesterol enhances actin polymerization. 2 The coronin family of proteins was originally identified in Dictyostelium where deletion of coronin affected actindependent processes, such as phagocytosis, cell motility, and cytokinesis. 3, 4 Mammalian Coronin-1A (Coro1A) belongs to Type I coronins and is expressed in hematopoietic cells. 5 There is an increasing appreciation on the role of Type I coronins in coordinating Arp2/3 complex and ADF/cofilin proteins in leading edge actin dynamics, 5 but their role in regulating actin elsewhere than at the cell cortex is not well understood. Intriguingly, Coro1A was reported to be dispensable for actin-dependent functions in macrophages. 6 To identify novel proteins involved in macrophage cholesterol processing, we compared transcripts of mouse peritoneal macrophages in untreated and acetylated low-density lipoproteins (AcLDL)-loaded conditions using microarrays. One of the mRNAs upregulated on AcLDL loading in wild-type (wt) but not Niemann-Pick C1 deficient macrophages was Coro1A (S.V. and E. I., unpublished data). We therefore studied whether Coro1A plays a role in the uptake or processing of modified lipoproteins in macrophages and if this is related to actin regulatory functions of Coro1A.
Results and Discussion
We found that Coro1A protein was upregulated in AcLDL loaded and reduced in lipoprotein-deprived macrophages ( Figure 1A ). The protein was also downregulated in Niemann-Pick C1-deficient macrophages, where lipoproteinderived cholesterol accumulates in lysosomes 8, 9 and its levels failed to respond to AcLDL in Niemann-Pick C1 silenced macrophages ( Figure 1A) . Overexpression of Coro1A alleviated cholesterol accumulation in Niemann-Pick C1-deficient cells (Online Figure I) , suggesting that Coro1A function somehow counteracts lysosomal cholesterol deposition. Interestingly, lipids can regulate Coro1A gene transcription 10 and in the liver Coro1C transcript responds to sterol-regulatory element binding proteins. 11 To investigate the functional role of Coro1A in AcLDL processing, we incubated wt and Coro1A knockout (Cor Ϫ/Ϫ ) mouse macrophages with 50 g/mL of AcLDL. In accordance with previous studies on Cor Ϫ/Ϫ macrophage spreading on stimulus, 6 we observed no differences in the morphological response of wt and Cor Ϫ/Ϫ macrophages to AcLDL (Online Figure IIA) . However, fluorescent 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethyl-indocarbocyanine-perchlorate-labeled AcLDL (DiI-AcLDL) uptake was increased in Cor Ϫ/Ϫ cells ( Figure 1B) Figure 1C ). Instead, on endocytosis at 37°C, the amount of [ 3 H]AcLDL taken up by Cor Ϫ/Ϫ macrophages exceeded that of wt. These results suggest that Coro1A deficiency increases the uptake of modified lipoproteins by macropinocytosis, a pathway used, eg, by AcLDL. 12 The internalization of oxidized LDL, which occurs via different mechanism, 13 was unaffected (Online Figure IIB) . The increased AcLDL uptake resulted in increased cholesterol loading of Cor Ϫ/Ϫ macrophages ( Figure 1D ). However, cholesterol efflux was not impaired as Cor Ϫ/Ϫ macrophages were able to clear the excess sterol to apolipoprotein AI ( Figure 1D ) and [ 3 H]cholesterol efflux to BSA, apolipoprotein AI, or HDL was not altered in Cor Ϫ/Ϫ macrophages (not shown).
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AcLDL acetylated low-density lipoproteins
Coro1A
Coronin-1A By immunofluorescence and immunoelectron microscopy, we detected a fraction of the endogenous Coro1A protein in DiI-AcLDL organelles and endosomal profiles (Figure 2A,  B) . When assessing the time-dependent delivery of AcLDL to dextran-labeled lysosomes, we observed that a fraction of DiI-AcLDL was found in lysosomes already at 15 minutes ( Figure 2C ), in agreement with studies reporting rapid macropinosome-lysosome fusion in macrophages. 14 Remarkably, the lysosome colocalizing fraction of DiI-AcLDL was larger in Cor Ϫ/Ϫ macrophages ( Figure 2C ). This was paralleled by a more rapid hydrolysis of AcLDL-derived [ 3 H]cholesteryl esters ( Figure 2D ), indicating accelerated delivery of AcLDL to lysosomes in the absence of Coro1A. In mycobacterium-infected macrophages, Coro1A was required for activation of calcineurin to block phagosome-lysosome fusion, and lack of Coro1A or administration of the calcineurin inhibitor FK506 facilitated lysosomal delivery and killing of the bacteria. 6 We therefore tested if FK506 mimics the effects of Coro1A deficiency on AcLDL processing. This was not the case (Online Figure III) , leading us to investigate if Coro1A function in lipoprotein endocytosis involves actin regulation.
When added 5 minutes after AcLDL internalization, actin perturbing compounds enhanced DiI-AcLDL delivery to lysosomes in wt macrophages, an effect similar to Coro1A deficiency ( Figure 3A, 2C) . To directly visualize actin dynamics, we studied living cells expressing Lifeact-GFP on DiI-AcLDL loading. We observed that actin increasingly assembled onto the DiI-AcLDL organelles until Ϸ15 to 20 minutes postuptake and then started to disappear, showing a clear reduction by 30 minutes ( Figure 3B , and Online Video). To quantify this, we stained DiI-AcLDL labeled wt and Cor Ϫ/Ϫ macrophages with phalloidin and analyzed the area of DiI-AcLDL containing endosomes covered by F-actin. After 5 minutes incubation, the DiI-AcLDL labeled endocytic structures were largely devoid of actin coating both in wt and Cor Ϫ/Ϫ macrophages ( Figure 3C ). After 15 minutes of labeling, the DiI-AcLDL organelles in wt cells were heavily decorated with F-actin, and this was less pronounced in Cor Ϫ/Ϫ macrophages ( Figure 3C ). After 50 minutes chase, the F-actin coating on DiI-AcLDL organelles in wt cells became significantly reduced, and this reduction was inhibited in Cor Ϫ/Ϫ macrophages ( Figure 3C ). Together, these results reveal a temporally controlled F-actin recruitment and disassembly on AcLDL transporting endosomes in macrophages. If actin is disrupted at early stages postinternalization, AcLDL delivery to lysosomes is accelerated. Importantly, this endosomal actin association is physiologically controlled by Coro1A. To assess the Coro1A actin regulatory activity in AcLDL processing more directly, we investigated if Coro1A protein mutated at actin-binding residues 15, 16 Coro1A-K10A,R12A was able to normalize the AcLDL uptake in Cor Ϫ/Ϫ macrophages. We found that on expression of GFP-wtCoro1A, but not GFP-Coro1A-K10A,R12A, AcLDL uptake was reduced to the level of wt cells ( Figure 4A ). Cofilin is a key regulator of F-actin dynamics 17 and has synergy with coronins in the disassembly of aged actin filaments. 18, 19 We silenced Coro1A or cofilin with siRNAs ( Figure 4B ) and found that, similar to Coro1A silencing, cofilin depletion resulted in enhanced delivery of AcLDL to lysosomes ( Figure 4C ). In addition, although DiI-AcLDL organelles were heavily decorated with F-actin after 15 minutes AcLDL loading on both siRNA 
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Coro1A Controls Macrophage Lipoprotein Processingtreatments (not shown), the depletion of either Coro1A or cofilin resulted in impaired removal of F-actin from endosomes after 50 minutes chase ( Figure 4D ), similarly as observed in Cor Ϫ/Ϫ macrophages ( Figure 3C ). These results argue that Coro1A affects AcLDL endocytic processing via its actin regulatory functions.
In summary, this study demonstrates a role for Coro1A in controlling actin association with endocytic organelles, thereby negatively regulating endo-lysosomal delivery, degradation of modified lipoproteins, and cholesterol deposition in macrophages. The results provide direct evidence for Coro1A as a regulator of F-actin dynamics and actin- 
Novelty and Significance
What Is Known?
• Coronin-1A (Coro1A) is an actin-binding protein abundantly expressed in macrophages.
• Actin is involved in macrophage cholesterol processing.
What New Information Does This Article Contribute?
• In macrophages, Coro1A controls actin association on endosomes that deliver modified lipoproteins for degradation.
• Perturbed endosomal actin dynamics due to Coro1A deficiency lead to increased uptake and lysosomal delivery of modified lipoproteins.
• Coro1A is the first identified actin-binding protein involved in macrophage cholesterol processing.
Macrophage cholesterol processing is sensitive to actinperturbing drugs but the precise function of actin and the regulatory proteins involved are unknown. Coro1A is an actinbinding protein expressed in hematopoietic cells. Previous studies have failed to find a role for Coro1A in actin-mediated processes in macrophages. We discovered that in macrophages, Coro1A regulates endosomal F-actin dynamics, controlling the uptake and processing of atherogenic lipoproteins. Our study reveals a temporally controlled actin assembly/disassembly on endosomes that deliver modified lipoproteins for degradation and identifies Coro1A as the first actin regulator involved in macrophage cholesterol processing. These findings are of key importance for understanding the regulatory mechanisms of foam cell formation.
